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Methicillin-resistant Staphylococcus aureus (MRSA) is a leading cause of healthcare-associated infection. Infections caused by MRSA are associated with increased cost and mortality. 1, 2 Rates of nosocomial infection caused by MRSA are alarmingly high in many countries and have been increasing worldwide over recent years. [3] [4] [5] Control of MRSA transmission within the hospital environment is presently a challenge, particularly in endemic situations. The medical literature on the epidemiology and control of healthcare-associated MRSA is plentiful, although most studies focus on particular aspects, such as outbreak control, specific infection control measures, or specific wards. At the same time, there are limited data available evaluating the impact of comprehensive infection control programs on hospital-wide MRSA or the long-term efficacy of infection control measures in endemic situations. [6] [7] [8] [9] [10] Data from Spanish multicenter studies have shown that there was a significant increase in the prevalence of MRSA colonization or infection from 1994 (16%) to 2002 (31%) 5 but that the prevalence reached a plateau at 29% in 2006. 11 Data from the European Antimicrobial Resistance Surveillance System-which includes data from bacteremic episodes-have shown that MRSA prevalence has been stable since 2000, at around 27%. 12 Several guidelines have been published with recommendations for controlling the spread of MRSA. [13] [14] [15] [16] MRSA control measures are complex, costly, and time-consuming. Because there remains some uncertainty about the best approach for preventing and controlling the spread of endemic hospitalwide MRSA, 17 many hospitals probably do not devote enough resources to infection control activities, and there is wide variation in the extent of implementation of infection control programs. [18] [19] [20] [21] In our hospital, no control measures for MRSA were undertaken until 1997. Since then, a comprehensive hospitalwide MRSA control program has been implemented in different phases. Our objective was to evaluate the impact of different bundles of MRSA control measures on the evolution of rates of MRSA colonization or infection and on the evolution of rates of bacteremia due to MRSA.
methods
We followed the ORION (Outbreak Reports and Intervention studies Of Nosocomial infection) statement for transparent reporting of intervention studies concerning nosocomial infections. 22 A summary of methods can be found in Table 1 .
Study Site
The Hospital Universitario Virgen Macarena in Seville, Spain, is a 950-bed teaching hospital that receives approximately 40,000 admissions every year. In wards without an intensive care unit, 70% of the rooms have 3 beds, and 30% are private; the intensive care units had an open structure during the study period. An active global infection control program was implemented in 1995 that included the review and implementation of infection control protocols, the use of educational sessions, and the regular reporting of surveillance results. Also in 1995, a successful program using the bundle approach to control endemic Acinetobacter baumannii was implemented. 23 The antibiotic policy did not change during the study period.
Study Design
To investigate the effects of the successive interventions specifically implemented to control the spread of MRSA, a retrospective, quasi-experimental, interrupted time-series study was used. The epidemiology of MRSA during the study period was characterized by use of basic clinical epidemiological data and molecular techniques.
Study Periods and Interventions
To evaluate the impact of 3 successive bundles of interventions, 4 periods were studied: period A (the preintervention period from January 1995 to December 1996), period B (the first intervention period from January 1997 to December 1998), period C (the second intervention period from January 1999 to December 2000), and period D (the third intervention period from January 2001 to December 2008). Likewise, hand hygiene was promoted during the period from 1995 through 2008 by use of educational sessions and annual campaigns. Staffing levels did not change during the study period. During period A, no specific measures were undertaken for patients with MRSA colonization or infection. The 3 successive interventions were as follows:
First intervention (period B). Contact precautions were implemented in January 1997 for all patients colonized or infected with MRSA, according to the recommendations of the Centers for Disease Control and Prevention. 24 Noncritical patient care equipment was dedicated to individual patients or cohorts. These patients were detected only via clinical samples because active surveillance was not performed. Patients were placed in individual rooms (conventional wards) or in cohorts in open-structure intensive care units. Adherence to contact precautions was supervised and reinforced on a daily basis by an infection control nurse. Contact precautions were also implemented during all diagnostic or therapeutic maneuvers. A strict cleaning policy, including disinfecting all devices that came in contact with the patients, was also implemented; sodium hypochlorite was used to clean surfaces, and 70% ethyl alcohol was used to clean the noncritical medical equipment. 25 All of these measures were maintained during the successive intervention periods.
Second intervention (period C).
In units where there was transmission of MRSA, active surveillance for MRSA in patients and healthcare workers (HCWs) and decolonization therapy were implemented in January 1999. Because the rates of colonization or infection did not change with the use of the previous MRSA control measures, active surveillance of MRSA colonization in patients and HCWs was performed in units with ongoing MRSA transmission. These units were identified as follows. The epidemiological data on all patients colonized or infected with MRSA during the preceding year were analyzed. The ward where the patient was first hospitalized and where MRSA colonization or infection was first detected was considered to be the location of acquisition; any other ward or healthcare facility where the patient had been admitted to or cared for in the preceding 2 years was also considered to be the possible location of acquisition. Wards and healthcare facilities with more than 1 attributable case of MRSA colonization during a 3-month period were considered as having ongoing MRSA transmission. Active surveillance was initiated in these wards successively, prioritizing those with the highest number of assigned cases. Active surveillance involved obtaining screening samples from all admitted patients to detect MRSA colonization, both at admission and every week thereafter, until no new cases were detected during a 2-week period. Also, all HCWs attending specific wards-including HCWs with frequent patient contact who come from outside the hospital, such as physiotherapists-were screened before they started their shift. Screening samples obtained from patients comprised nasal and perineal swab samples, open wound swab samples, respiratory tract samples from patients receiving mechanical ventilation or with chronic respiratory disease, and urine samples from catheterized patients. Only nasal swab samples were obtained from HCWs. This process was reinitiated whenever 2 or more cases were detected again separated by less than a month. Roommates of patients with MRSA colonization were also screened in wards where there was no active surveillance. All the measures adopted in the first intervention (ie, period B) were also performed.
Every patient with MRSA colonization was evaluated for application of the decolonization protocol; this involved applying mupirocin nasal ointment 3 times per day, plus daily body washing with 2% chlorhexidine gluconate for 5 days. The decolonization protocol was applied to patients without open, colonized wounds or respiratory tract colonization, without receipt of mechanical ventilation or a nasogastric tube, without urinary tract colonization in the presence of a urinary catheter, or without high-level mupirocin resistance. HCWs with MRSA colonization followed the same decolonization protocol. Nasal swab samples were obtained from colonized HCWs 1 week after decolonization therapy, to check for decolonization.
Third intervention (period D). Active surveillance for MRSA in readmitted patients previously colonized with MRSA and patients admitted from other healthcare centers was implemented in January 2001. In addition to the implementation of all the previously mentioned intervention measures, the third intervention required that all patients admitted from other hospitals or from long-term care facilities and all readmitted patients previously colonized with MRSA also be screened by use of the same protocol. Only readmitted patients previously colonized with MRSA were placed under preemptive isolation precautions. In addition, patients who had not been decolonized during hospitalization were reevaluated in an outpatient office, after hospital discharge, for decolonization therapy. Dispensers containing alcohol solution for hand hygiene were installed in all rooms in November 2000. Alcohol hand rubs had not been previously used in our healthcare center, but since November 2000, annual educational sessions have been used to promote hand hygiene with these products.
Microbiological Testing
S. aureus isolates were first identified by use of the MicroScan system (Dade Behring) or the Vitek 2 system (bioMérieux) and confirmed by use of the API Staph system (bioMérieux). Antimicrobial susceptibility testing was performed by use of both the Vitek 2 system and microdilution, according to Clinical Laboratory Standards Institute (formerly known as the National Committee for Clinical Laboratory Standards) recommendations. Mupirocin susceptibility was determined in strains isolated from nasal swab samples. Methicillin resistance was determined by use of an oxacillin-salt agar screening test, according to Clinical Laboratory Standards Institute guidelines. Surveillance samples were transported at room temperature and processed within 1-3 hours after collection. Swab samples were placed in tubes containing 1 mL of tryptone soya broth with 6.5% sodium chloride for 24 hours and subcultured on blood agar plates. Results were typically available in 36-48 hours. The clonal relatedness of selected isolates was determined by use of pulsed-field gel electrophoresis (PFGE), as described elsewhere. 26 Whole chromosomal DNA was digested with SmaI. The clonal relatedness of PFGE patterns was determined according to the interpretative criteria used by Tenover et al.
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Variables and Definitions
The main outcome measures were the bimonthly incidence of healthcare-associated MRSA colonization or infection and the bimonthly incidence of healthcare-associated bacteremia due to MRSA, both defined as new cases per 1,000 patientdays. Cases were considered healthcare associated if the first sample yielding MRSA had been obtained more than 3 calendar days after hospital admission or if the first sample yielding MRSA had been obtained from an ambulatory patient who has an identified association with recent healthcare delivery. 28 For the calculation of incidences of MRSA colonization or infection, only patients who had MRSA isolated from clinical samples were included, because active surveil- lance was not performed uniformly throughout the study periods.
Statistical Analysis
The effect of the successive interventions was analyzed by use of segmented regression analysis. [29] [30] [31] In our study, we analyzed 3 interventions and 4 time periods (periods A-D); each time period was defined by the incidence rate at the beginning of the time period and the trend observed during the time period. Both the rapid and gradual effects of the interventions can be estimated by comparing the incidence rate and the trend of a period with those of the preceding period. The following model was fitted: 7 # time after third intervention) ϩ e, where Y represents the incidence of MRSA colonization or infection; b 0 represents the baseline incidence rate; b 1 represents the change in the incidence rate that occurred before implementation of the interventions; b 2 , b 4 , and b 6 represent the changes in the incidence rate immediately after implementation of the first, second, and third interventions, respectively; b 3 , b 5 , and b 7 represent the changes in the trend after implementation of each intervention, compared with the trend before implementation of the intervention; and e represents the error term. The model was used to calculate the absolute change in incidence rate at specific time points. Serial autocorrelation was studied by visual inspection of residuals plotted against time and by use of the Durbin-Watson statistic, for which values close to 2.00 indicate no serious autocorrelation. 29 We could not incorporate data on potential confounders to the model, because bimonthly data on these confounders were not available. We opted therefore to analyze several types of data sets, to provide an indirect control for confounding. Annual prevalence data concerning age and number of diagnoses were used to evaluate potential differences in case mix across the study periods and were obtained from yearly point-prevalence studies. 32 Antimicrobial consumption (measured as defined daily doses per 1,000 patient-days per year) were obtained from the hospital pharmacy database. The incidence of healthcare-associated bacteremia due to methicillin-susceptible S. aureus (MSSA) was used to control for the potential confounding effect of changes in the number of blood culture samples obtained and in other infection control measures not specifically aimed at controlling MRSA. Categorical variables (eg, rate of methicillin resistance, number of patients with MRSA colonization detected by means of active surveillance, and number of wards with patients with MRSA colonization or infection) were compared by use of the x 2 test or the Fisher exact test, when necessary. an infection due to MRSA, and of these patients, 214 (26%) had MRSA bacteremia. Of the 1,230 patients, 359 (29%) were admitted to adult medical services, 406 (33%) were admitted to adult surgical services, 455 (37%) were admitted to the adult intensive care unit, and 10 (1%) were admitted to the pediatric ward. The in-hospital crude mortality rate was 40% (492 patients died). In addition, MRSA was isolated from another 306 patients by means of surveillance samples only. Data regarding the case mix of admitted patients during the study periods are summarized in Table 2 . The mean age of admitted patients, the mean number of diagnoses per patient, and antibiotic consumption all tended to increase over the course of the 13-year study period. Table 2 shows the mean numbers of cases (ie, incidence rates, along with 95% confidence intervals) of colonization or infection due to MRSA and of bacteremia due to MSSA and MRSA during the 4 different study periods (periods A-D). The percentage of patients detected by means of active surveillance significantly increased during periods C and D, and the percentage of patients admitted from another healthcare note. b 0 , baseline incidence; b 1 , baseline trend; b 2 , change in incidence after first intervention; b 3 , change in trend after first intervention; b 4 , change in incidence after second intervention; b 5 , change in trend after second intervention; b 6 , change in incidence after thir intervention; b 7 , change in trend after third intervention; CI, confidence interval.
Analysis of the Impact of Interventions
center who were detected by means of active surveillance significantly increased during period D. The number of hospital wards with new cases of MRSA colonization or infection decreased from 28 (90%) of 31 hospital wards in period A to 15 (48%) of 31 hospital wards in period D ( ). P ! .001 The evolution of the bimonthly incidences of colonization or infection due to MRSA, bacteremia due to MRSA, and bacteremia due to MSSA are shown in Figures 1 and 2 . The results of the segmented regression analysis are shown in Table  3 . With regard to cases of colonization or infection due to MRSA, the implementation of the first intervention (period B) caused no significant changes in the incidence rate or in the trend of incidence rates, compared with the preintervention period (period A). However, a very significant change in trend was observed after the implementation of the second intervention (period C); the change in the incidence rate was not significant because the effect of the second intervention only became noticeable after several months. The implementation of the third intervention (period D), when the incidence rate was less than 0.1 cases per 1,000 patient-days, caused no significant change in the incidence rate but was followed by a significant change in slope, which was still slightly downward during period D. With regard to cases of bacteremia due to MRSA, the implementation of the first intervention brought about no significant effect, whereas the implementation of the second intervention was followed by a significant change in the incidence rate and in the trend of incidence rates ( Figure 2B ). There were no significant changes in trend or rate for cases of bacteremia due to MSSA ( Figure  2A ). There was no increase in the percentage of multidrugresistant gram-negative organisms (data not shown). We found no significant autocorrelation. As calculated for December 2000, the incidence of colonization or infection due to MRSA and the incidence of bacteremia due to MRSA had decreased from baseline by 83% and 80%, respectively.
Active Surveillance for MRSA in Patients and HCWs
During periods C and D, active surveillance was performed in 22 wards (more than once in 5 of them): 1 adult intensive care unit, 1 pediatric intensive care unit, 10 surgical wards, and 10 medical wards. More than 90% of patients and HCWs were screened in all wards. During active surveillance, 93% of MRSA-colonized patients were detected by use of nasal and skin swab samples. In all wards where active surveillance was performed, 1 or more MRSA-colonized HCWs were detected (range, 1-5 HCWs). Overall, 36 HCWs (30 nurses and 6 physicians) were colonized and treated according to the decolonization protocol, but they were not prevented from undertaking their clinical duties during treatment. Decolonization was effective in every HCW but one, as confirmed by follow-up screening; this HCW was a persistent carrier whose sample yielded a mupirocin-resistant isolate; therefore, this HCW agreed to be redeployed to a non-patient-care workplace. Implementation of active surveillance was followed by a rapid decrease in the number of new cases of MRSA colonization in every ward except urology, where there were 8 new cases the year after 2 MRSA-colonized HCWs had been identified; however, 7 of these patients had been admitted previously (1-3 years before the HCWs were decolonized).
Microbiological Testing
Microbiological testing was performed on 90 selected MRSA isolates obtained from blood culture samples and representative of all study periods and all wards. Twelve antimicrobial resistance profiles were found; one profile (showing resistance to ciprofloxacin) accounted for 35% of isolates, and another profile (showing resistance to ciprofloxacin, erythromycin, and clindamycin) accounted for 37% of isolates.
By use of PFGE, 12 different clones were found, although 75 (83%) of the 90 isolates were clonally related (clone A); this clone was predominant throughout the different study periods. Clonal relatedness was also studied in 5 different clusters of cases of MRSA colonization from wards with suspected ongoing MRSA transmission and included 20 clinical isolates, 30 surveillance isolates from patients, and 10 isolates from HCWs. In these 5 clusters, most of the isolates (range, 75%-100%) from the patients were clonally related. The isolates that were recovered from HCWs belonged to 5 different clones and were indistinguishable in all cases from the predominant clones recovered from patients admitted to their wards.
discussion
Our results show that, in the context of the high rate of hospital-wide endemicity, implementing active surveillance for MRSA colonization in patients and HCWs, along with the contact precautions in specific wards, was very effective in decreasing rates of healthcare-associated colonization or infection due to MRSA and healthcare-associated bacteremia due to MRSA. Because MRSA bacteremia is associated with high mortality and morbidity, 1 reducing the MRSA bacteremia rate is clinically relevant. The effect of the intervention cannot be explained by a clonal shift, changes in the case mix, or changes antimicrobial consumption; furthermore, the reduced rates were followed by a decrease in glycopeptide consumption; no other drug-resistant organism replaced MRSA. The reduction in the rates of MRSA colonization or infection in our healthcare center was the reverse of the overall situation in Spanish hospitals (particularly in Andalusia), with MRSA prevalence increasing significantly from 1993 to 2002 and stabilizing later at around 25%. 5, 11, 12 Communityacquired MRSA colonization or infection is still anecdotal in our area, 5, 11, 33 so that significant bias due to misclassification of healthcare-associated MRSA colonization or infection is highly improbable. Whether such results are attainable only by applying measures to prevent nosocomial infections is open to debate; the fact that MRSA control was achieved in the context of an active global infection control program developed some years before argues against this.
We implemented several bundles of MRSA control measures at different time points and, therefore, had the opportunity to evaluate the additive impact of the different bundles. During the preintervention period, the incidences of MRSA colonization or infection and MRSA bacteremia were consistently high. Implementing contact precautions exclusively for patients who were identified by means of a clinical sample (during the first intervention) as being colonized or infected caused no significant change in the incidence rates. No incontrovertible evidence has been found that contact and isolation precautions alone are effective in controlling MRSA. 34 Clinical cultures are known to identify only part of the patient population with MRSA colonization, 35 and an unidentified reservoir (of mainly undetected MRSA-colonized patients and HCWs) was probably key to endemic MRSA transmission.
Active surveillance for MRSA in MRSA-colonized patients and HCWs was introduced next, and this intervention was followed by a very significant reduction in incidence rates. Because mathematical modeling suggested that the incidence rates could be maintained by admitting MRSA-colonized patients in spite of adequate control, 36 we later introduced surveillance for MRSA in patients admitted from other healthcare centers as well as readmitted patients. This measure did not reduce incidence rates further, and although it may have contributed to keeping them low, the workload and cost involved require closer analysis. Our approach during the third intervention (period D) was similar to the "search and destroy" strategy developed in the Netherlands, 37 except for the fact that we did not implement preemptive contact precautions for patients admitted from other healthcare centers before the results of surveillance samples were made available.
After some years of debate, active surveillance is now recommended in most MRSA control guidelines. [13] [14] [15] [16] However, controversy exists regarding the efficacy of active surveillance in endemic situations, 17, 38 which microbiologic methods should be used, 9 and whether active surveillance should be performed for all admitted patients or on targeted populations. 8, 9, 38 Another interesting question is the importance of colonized HCWs in MRSA epidemiology in endemic situations, 38 which may have been underestimated in some guidelines; our data do not provide definite evidence but do suggest that the role played by MRSA-colonized HCWs may have been significant in some wards. We point out that, because MRSA was endemic in all hospital wards, we prioritized active screening in wards with higher rates of MRSA transmission; these wards were identified by carefully analyzing data obtained by use of classic clinical epidemiology. Our results suggest that the hidden reservoir formed by colonized patients and HCWs played a key role in maintaining the endemicity of MRSA. These data were later confirmed by molecular analysis of selected isolates.
Our study has some limitations. The interventions were not implemented according to an advance program but successively after an interim analysis of the results, and our statistical analyses were performed retrospectively. We did not systematically assess compliance with contact precautions or the effectiveness of decolonization in patients. Segmented regression allowed us to investigate the effect of the various interventions, although only indirect controls for potential confounding variables, such as antibiotic consumption or changes in the case mix, could be assessed. Although we were unable to control the potential impact of unnoticed interventions, the evolution of MSSA bacteremia rates provided indirect evidence against a substantial effect. We did not analyze the cost of the interventions. Finally, molecular typing was only performed on selected isolates. In conclusion, the results of our study suggest that control of endemic MRSA is possible even in large hospitals by implementing comprehensive control programs that include active surveillance for MRSA in patients and HCWs in hospital units where MRSA transmission has been identified after analysis of clinical epidemiological data. Potential conflicts of interest. All authors report no conflicts of interest relevant to this article.
